Abstract-Discontinuous modulation applied to modular multilevel converters is an effective method for reducing the capacitor voltage ripples. In this paper, the discontinuous modulation is adapted and used in a motor drive application. For proper operation of the converter, a new energy controller is presented, which is suitable for operation with nonsinusoidal reference signals. Experimental results comparing the discontinuous modulation with other techniques operating at low motor speeds are shown. The results demonstrate the effectiveness of the discontinuous modulation on reducing capacitor voltage ripples and power losses.
Study and Comparison of Discontinuous Modulation for Modular Multilevel Converters in Motor Drive Applications
systems [7] . The most attractive features of the MMC are as follows [4] : 1) its modularity and scalability to different power and voltage levels; 2) its high efficiency; 3) the high quality of the output voltages; 4) the absence of additional capacitors on the dc link, as the storage is distributed among the capacitors in the submodules (SMs) of the converter. In the field of high-power motor drives (megawatt range), the quality of the voltages generated by the power converter is a decisive factor. Voltage harmonics cause additional power losses to the motor that reduce its efficiency and complicates thermal management, this is why the MMC is a promising topology in this field. Suitability of the MMC in the area of medium-voltage motor drives has also been reported [8] , [9] . However, the main challenge that limits the widespread use of the MMC in motor drive applications is the large capacitor voltage ripples produced under low-speed operation. The capacitor voltage ripple amplitudes are inversely proportional to the output frequency of the converter, i.e., the motor speed.
Multiple solutions have been proposed to reduce the capacitor voltage ripples in motor-drive applications. Some publications propose the use of new MMC topologies [10] - [13] or MMCs based on full-bridge SMs [14] , [15] . However, reducing capacitor voltage ripples using the standard MMC topology based on half-bridge SMs remains a challenge.
Controlling the circulating current to reduce the capacitor voltage ripples has been extensively studied [16] - [18] . However, when operating with low frequencies, those techniques cannot reduce the capacitor voltage ripples enough. Some recent techniques allow the MMC to operate in the low-frequency range [19] , [20] . Operation of the MMC at very low frequencies was first achieved in [21] , where a sinusoidal zero-sequence component of a higher frequency was added to the modulation signals in combination with circulating currents of the same frequency. This technique is able to shift the power fluctuations to a higher frequency, achieving a significant reduction in the capacitor voltage ripples. It is only practical when operating with low output frequencies, otherwise the frequency of the injected zero-sequence component would be excessively high. For this reason, work in [22] and [23] present hybrid mechanisms that switch from low-to high-speed operation modes. In the case of high-speed operation, the average SM capacitor voltages can be reduced to accommodate higher voltage ripples [24] .
With the objective of reducing the circulating current and conduction power losses, a technique based on the injection of a square-wave zero-sequence signal and a square-wave circulating current is presented in [25] . This technique achieves a reduction of up to a 50% of the circulating current peak value. Similar techniques are presented in [26] and [27] , which combine the square-wave zero sequence with a sinusoidal circulating current.
Discontinuous modulation is another technique that can be used for reducing the capacitor voltage ripples [28] , [29] . Through the addition of a zero sequence to the modulation signal, this technique clamps one arm of the converter to a nonswitching position. Combined with the injection of a circulating current, most of the output current flows through the arm where no SMs are activated; hence, achieving a significant reduction in the capacitor voltage ripples. Moreover, clamping the arms in a nonswitching position reduces the switching power losses.
Effectiveness of discontinuous modulation has been demonstrated in grid-frequency applications, but it has never been tested in variable-speed motor drives. In this paper, the discontinuous modulation technique is applied to a motor drive based on a permanent-magnet synchronous machine (PMSM). The modulation technique has been implemented together with a typical field-oriented control (FOC) technique. The common energy balancing controllers based on the injection of a fundamental component, as in [18] , [30] , do not present an optimal performance with this modulation technique. Therefore, a new energy controller based on the instantaneous values of the reference signals is also proposed. Such a controller is here referred to as modulated energy controller.
Ultralow frequency operation of the converter with discontinuous modulation has been demonstrated, driving a PMSM at a speed of 30 r/min (1% of the nominal value) with a load torque of 70%. In order to highlight the benefits of this technique, the results have been compared with those achieved using the techniques based on sinusoidal [21] and square-wave [25] zero-sequence signal injection. The discontinuous modulation produces capacitor voltage ripples similar to those obtained with the injection of a higher frequency signal in the zero sequence and the circulating currents, but can achieve a significant reduction in the rms value of the circulating currents and, hence, in the power losses.
The rest of this paper is organized as follows. Section II summarizes the principles of operation and the implementation of the discontinuous modulation in the MMC. Section III presents the control scheme of the motor drive and demonstrates the implementation of the modulated energy controller. Section IV deals with the equations of the sinusoidal and square-wave techniques used for benchmarking and presents experimental results. Finally, Section V summarizes the conclusion of this paper.
II. MMC AND DISCONTINUOUS MODULATION

A. MMC Fundamentals
The MMC consists of two arms per phase-leg, where each arm comprises N series-connected, identical SMs, and a series arm inductor L. Each SM contains a half-bridge circuit and a capacitor C. The output voltage of each SM equals its capacitor voltage v C when the SM is activated, or equals zero when it is deactivated. A schematic of the topology is shown in Fig. 1 . In this figure, in addition to the N basic SMs of each arm, M additional SMs have been included. These additional SMs are needed when operating the MMC with the discontinuous modulation.
The currents that flow through the upper and lower arms, i j u and i j l for j = {a, b, c}, respectively, are composed by half of the output current and a circulating current
The circulating current includes a dc component, related with the power exchange between the dc and ac sides of the converter, and some harmonic components. In order to improve the converter dynamics and reduce the capacitor voltage ripples, the circulating current should be controlled.
B. Discontinuous Modulation: Principles of Operation
The discontinuous pulsewidth modulation (DPWM) consists in adding a zero-sequence signal to the reference signals of a multiphase converter [31] . The injected zero sequence is such that one of the phase-legs is clamped either to the upper or to the lower terminals of the dc link for certain time intervals, as in Fig. 2 . This implementation can considerably reduce the power losses for high-modulation indexes and, in a more moderate way, for low-modulation indexes. In cases of low-speed motor drive applications, the number of SMs per arm should be kept as small as possible in order not to increase the power losses produced on account of the large transitions needed for clamping the arm voltage under such conditions [29] . Besides, DPWM can reduce the SM capacitor voltage ripple, especially for low-modulation indexes [29] . The dynamic model of the MMC presented in [18] demonstrates that, ideally, the arm that has fewer activated SMs is the one that carries more output current. Therefore, when one of the arms of a phase-leg is clamped to a dc-link terminal, the clamped arm provides all the output current, while no current circulates through the unclamped arm of that phase-leg. This effect can be seen in the equations of the ideal arm currents, where a modulation reference signal of 1 or −1 produces no current in either the lower or the upper arm, respectively [18] 
where v j m is the normalized reference signal, which can vary within the [−1, 1] range, under linear operation mode. Consequently, no current circulates through any SM capacitor of the whole phase-leg and, hence, the overall capacitor voltage ripples are reduced. From (2), the ideal reference for the circulating current is
The reduction in the capacitor voltage ripples is more significant when operating with low-modulation indexes. This is because when no zero sequence is injected, a similar number of SMs are activated in both arms. Under such operating conditions, the output current is rather evenly shared between both arms of a phase-leg, flowing through N SMs and producing large capacitor voltage deviations. However, if discontinuous modulation is implemented, the zero-sequence shifts the reference signals of all the phases far from zero, reducing the currents in the capacitors and, hence, the capacitor voltage ripples. In order to improve the performance of the modulation technique, the clamping intervals are selected by a closed-loop algorithm [29] . At each sampling period, two phase-legs can be clamped: the one with the highest voltage reference and the one with the lowest voltage reference. In order to further reduce the switching power losses and capacitor voltage ripples, the arm with the highest absolute value of its output current is the selected one to be clamped.
C. Control of the Circulating Current in Discontinuous Modulation
The circulating current is controlled by adding a differential control signal Δv j m to the common modulation signal, as follows:
where v j um and v j lm are the reference signals for the upper and lower arms, respectively. Once the differential control signal is added, the zerosequence signal v z s of the discontinuous modulation is calculated as the difference between the clamping level (1 or −1) and the reference signal of the arm which has been selected by the closed-loop algorithm [29] . The zero-sequence signal is calculated as
when clamping the upper or lower arm, respectively. Then, this zero sequence is added to the reference signals for the six arms, obtaining the discontinuous modulation references for the upper and lower arms (v j ud and v j ld )
If the differential control signal (Δv j m ) of the clamped arm is positive, then the reference of the upper arm is higher than the reference of the lower arm and, therefore, all the modulation signals remain within the modulation limits [−1,1]. However, if the differential control signal is negative, then the reference of the arm which is opposite to the clamped one presents a value that is either higher than 1 or lower than −1. In order to maintain control of the circulating current during the clamping periods, this overmodulation situation has to be avoided. The addition of M SMs to the N basic ones of each arm [29] extends the modulation range beyond the interval [−1, 1] and, thus, allows for controlling the circulating current during the intervals where the phase-leg is clamped. The addition of SMs in the arms increases the cost of the MMC, but also provides extra benefits to the converter, such as fault tolerance capability and a further reduction in the capacitor voltage ripples [32] . Another possible solution consists on implementing an alternative discontinuous modulation technique [33] , which does not require the use of additional SMs. Although this second solution does not increase the cost of the converter, and the reduction of the capacitor voltage ripples (the main objective in this application) is not as efficient. It also produces more switching power losses because of the fact that the arm that should be clamped has to be unclamped for some intervals in order to be able to control the circulating current. Besides, the addition of SMs to the arm enables the converter for fault-tolerant operation. Since one of the objectives of this paper is the comparison of DPWM with other low-speed techniques, the additional SMs have been used in all the cases, providing the same benefits and drawbacks to all of them.
D. Capacitor Voltage Variation With DPWM
Although the zero-sequence signal is calculated in a closedloop algorithm, the clamping periods can be deduced when considering ideal performance of the converter. That is, considering that the output currents are purely sinusoidal and that the differential control signal can be neglected. For the sake of simplification, the current is also assumed to be in phase with the reference voltage. Under such conditions, the six clamping intervals can be defined and the zero-sequence signal calculated
Once the zero-sequence signal is known, and considering the dynamic model of the converter [34] , the voltage of the upper arm SM capacitors of phase a can be calculated as
From (6) to (8), the piecewise-defined function of the voltage variation (9) , as shown at the bottom of this page, is calculated. In (9), I a is the amplitude of the output current and V C 0 is the final voltage in the previous clamping period.
Considering that in a motor drive application the output voltage (and the modulation index) is proportional to the output frequency, the common term (9) can be considered constant. This means that the capacitor voltage ripple amplitude is no longer inversely proportional to the output frequency, allowing the converter to operate at low speeds. Moreover, (9) demonstrates that the voltage variation in the capacitors is bounded and, therefore, the maximum and minimum values can be found. Two main terms can be identified in (9): a first one which is independent of the modulation index, and a second one which is proportional to the modulation index
where ω N is the nominal speed of the motor. As a consequence, the minimum capacitor voltage ripple happens with a modulation index equal to 1 and the maximum ripple is produced when the modulation index tends toward 0.
On the contrary, a sinusoidal modulation will produce a voltage variation inversely proportional to the fundamental frequency, tending to infinite when the modulation frequency tends to zero. In order to illustrate this fact, the voltage variation with a purely sinusoidal modulation index and the capacitor voltage ripples at modulation index equal to 1 and to 0.1 have been obtained
The theoretical capacitor voltage ripples at a modulation index equal to 1 are very similar, albeit slightly smaller in case of DPWM. However, since the voltage ripples with sinusoidal modulation are inversely proportional to the output frequency, when the modulation index is 0.1 (10% of nominal speed), the voltage ripples are more than three times larger than those obtained with DPWM.
III. CONTROL SCHEME
The control scheme proposed in this paper can be divided into three main blocks. The first one is the FOC that consists of the PMSM speed and torque control loops. The second block is composed of the circulating current controller and the modulated energy controller, which produces a signal to be added to the circulating current reference. Finally, the discontinuous modulation block which calculates and adds the zero-sequence component. A block diagram of the total control scheme is shown in Fig. 3 .
In order to determine the output voltage level, either phaseshifted PWM (PS-PWM) or level-shifted PWM (LS-PWM) techniques can be used in such an application. In terms of capacitor voltage ripple, PS-PWM and LS-PWM show some differences [35] . However, for low-modulation indexes, which are usually required in motor drive applications, such differences are not relevant [29] . Phase-disposition PWM (PD-PWM) shows better line-to-line voltages when compared to PS-PWM in terms of total harmonic distortion (THD) and weighted total
< ωt < harmonic distortion WTHD [36] . Once the final modulation signals are calculated, the output voltage level is obtained from a PD-PWM stage and the SMs to be activated are selected by means of a voltage balancing algorithm [37] .
A. Permanent-Magnet Synchronous Machine FOC
A standard FOC strategy [38] is implemented. It is based on the dq model of the PMSM 
B. Circulating Current and Modulated Energy Controllers
The second control block consists of the circulating current controller and the voltage reference calculation. As introduced in Section II-B, the circulating current is controlled trough the differential control signal Δv j m . This control variable is added to and subtracted from the common reference signal according to (4); thus, creating two different reference signals, one for the upper arm and another one for the lower arm (v j um and v j lm , respectively). The differential control signal is calculated through a PI controller.
The main reference for the circulating current is given by (3). An additional component to achieve energy balance between the upper and lower arms needs to be added to the circulating current reference. The implementation of an energy balancing controller based on the injection of a fundamental component was presented in [30] . This technique is based on the energy transfer that happens when multiplying a sinusoidal arm voltage by a sinusoidal differential current with the same phase. However, when the main component of the inner arm voltage is not the fundamental component, as it happens in discontinuous modulation when operating with low-modulation indexes, a sinusoidal current is not the optimal reference for balancing the energy between the arms.
For this reason, this paper proposes a new energy control technique, named modulated energy control (MEC), which is adaptable to all kinds of modulation signals. In the MEC technique, two control loops are implemented, one per each arm. Each control loop regulates the energy stored in the upper (W C ju ) or lower (W C jl ) arms individually, defining two different current references (i * W ju and i * W jl ). Then, those references are applied proportionally to the inner voltage, calculating two arm references and adding them to the main ones. The total energy control current reference is defined as
This weighting process applies the current references proportionally to the number of SMs activated in each arm, hence improving the energy control. As an example, when the modulation signal is 1, and, hence, no SMs are activated in the upper arm, the energy control current reference for that arm is multiplied by zero, since this reference would have no effect on the capacitor voltages. On the contrary, the energy control current reference for the lower arm is multiplied by one, since all the SMs in that arm are activated and it has the maximum effect.
The MEC not only regulates the energy balance between upper and lower arms, but also the average energy stored in each arm. The average control is performed because the current references are not calculated from the energy difference between the arms, but from the error between the energy reference and the measured arm energy. A block diagram of the proposed MEC is shown in Fig. 4 . Fig . 5 shows the capacitor voltages of the upper arm when applying different control strategies: without energy balancing control, with a sinusoidal energy balancing control, and with the proposed MEC. In the three cases, an initial voltage imbalance of 10% is applied at t = 0.2 s. DPWM is applied with a sinusoidal reference signal of frequency 50 Hz and m = 0.1. Fig. 5 demonstrates that the proposed technique balances the SM voltages faster than the other techniques.
C. Discontinuous Modulation
The third block calculates and adds the discontinuous zerosequence signal to the reference signals for the upper and lower arms [29] . The six reference signals, i.e., two for each phase-leg, and the three output current measurements are used to select the arm to be clamped. The arms that are candidates to be clamped are, among the upper arms, the one with the highest reference signal and, among the lower arms, the one with the lowest reference signal. In order to reduce switching power losses, the ultimately chosen arm is the one that belongs to the phase-leg carrying the highest absolute value of the output current.
IV. EXPERIMENTAL RESULTS
The proposed modulation technique has been implemented and tested on a low-power laboratory prototype. The system consists of a three-phase MMC driving a PMSM. Each arm is composed of four SMs: three basic ones (N = 3) and an additional one (M = 1). The dc-link voltage is 120 V, the SM capacitors are of 1500 μF, and the arm inductance is equal to 3 mH. The converter has been implemented using silicon-carbide (SiC) technology, with MOSFET devices CREE CMF20120D and Schottky diodes CREE C4D10120D. The motor is a 200-W PMSM Yaskawa Servomotor 02CE2 (see Table I ), and the main control and acquisition tasks are implemented on a dSPACE DS1006 with two high-speed analog-to-digital boards and an FPGA board. A picture of the experimental prototype is presented in Fig. 6 .
All experiments are conducted with a 5-kHz switching frequency for the MMC and with a constant torque load of 70% of the rated torque and at speeds of 1500, 120, and 30 r/min, which represent 50%, 4%, and 1% of the rated speed, respectively.
A. Benchmarking Techniques
Experimental results have been obtained with discontinuous modulation (DPWM) and compared with carrier-based spacevector PWM (CB-SVPWM), consisting of sinusoidal modulation with zero-sequence injection based on space-vector modulation (SVM) [31] . The results obtained with DPWM have also been compared with two state-of-the-art techniques for low-speed operation, used for benchmarking. The benchmarking techniques are the one based on the injection of a sinusoidal zero-sequence component and a sinusoidal circulating current [21] , hereinafter called CMsin, and the one based on the injection of a square-wave zero-sequence component and a square-wave circulating current [25] , hereinafter called CMsqr.
In all three techniques, i.e., CB-SVPWM, CMsin, and CMsqr, the common-mode component is added to the voltage references and included in the calculation of the circulating current reference. All techniques are implemented with the modulated energy controller.
In CB-SVPWM, the circulating current reference is calculated using (3), while the zero sequence is based on SVM 
The CMsin modulation contains a sinusoidal zero-sequence component with amplitude U sin and angular frequency ω sin . The amplitude has to be large enough to reduce the capacitor voltage ripples and minimize the circulating currents, which are inversely proportional to the zero-sequence voltage amplitude. However, the amplitude of the zero sequence is limited by the modulation range. The values of U sin and f sin (f sin = ω sin /2π) used in the experimental results are shown in Table II . The zerosequence voltage and the circulating current reference used in CMsin are
The CMsqr is based on a square-wave zero-sequence signal and has the advantage of requiring lower circulating currents for the same zero-sequence amplitude. As can be seen in Table II , the amplitude U sqr and frequency f sqr have been chosen to be the same as in CMsin. The zero-sequence voltage and the circulating current in CMsqr are as follows:
B. Minimum Speed With CB-SVPWM
In Fig. 7 , experimental results driving a motor at 120 r/min with load of 70% of rated torque (equivalent to an rms current of 1.4 A) are presented. Phase-a upper arm capacitor voltages for several operating modes are shown. It can be seen that with CB-SVPWM the peak-to-peak voltage is 10 V, which is 25% of the average voltage (V C avg = 40V). This is the minimum speed that can be achieved with this modulation technique, since lower speeds produce excessive capacitor voltage ripples that cause instability. When using CMsin and CMsqr, the capacitor voltage ripples are lower, having a peak-to-peak value of 6 V with CMsin and of 5 V with CMsqr. The peak-to-peak capacitor voltage obtained with DPWM is slightly smaller than that produced with CMsqr.
C. Operation at Very Low Speed
In order to highlight the advantages of DPWM, the capacitor voltage ripples and circulating currents at very low speed are compared with those obtained with CMsin and CMsqr. The capacitor voltages at 30 r/min (1% of the rated speed) are shown in Fig. 8(a) . The three techniques exhibit acceptable values of voltage ripple, with a maximum peak-to-peak value of 10 V for the CMsin, whereas CMsqr and DPWM present lower voltage ripple, with a peak-to-peak value of 7.5 V each. Fig. 8(b) shows the reference and the measured circulating current values in red and blue colors, respectively. As defined in (3), the circulating current reference in DPWM consists of the product between the modulation index and the output current. The circulating current references contain a dc component plus some sinusoidal components. It can be demonstrated that the sinusoidal components are canceled among the three phases of the converter and do not appear in the dc-link current.
Whereas the capacitor voltage ripples with DPWM and CMsqr are very similar, the rms values of the circulating currents are not. CMsin produces higher circulating currents, with a peak value of 3 A and an rms value of 1.47 A. As expected from [25] , CMsqr requires a smaller circulating current, with a measured peak value of 2.3 A, but a reference of 1.7 A, and an rms value of 1.17 A. Finally, DPWM produces the lowest circulating currents. Although the peak value of its current reference is 0.85 A, it has a measured peak value of 2.4 A. These peaks are caused by the capacitor voltage ripples. Since the capacitor voltages are not at their reference value, the voltage applied to the arm inductors during the clamping transitions changes suddenly, causing a pulse in the circulating current. Nevertheless, the duration of the current peaks is very short and they do not affect much the rms value of the circulating current, which is only 0.85 A, 30% less than that with CMsqr. As a result, DPWM also reduces the conduction losses of the converter when compared to CMsqr and CMsin. Fig. 8(c) shows the PMSM currents using the low-frequency techniques. In all of them, some distortion appears but it is more significant in the cases of CMsin and CMsqr, both of which present a superimposed high-frequency ripple. However, in motor drive applications, the presence of these small glitches when using DPWM is not critical.
In order to demonstrate the power loss reduction of the DPWM technique, the efficiency of the different techniques has been measured. Fig. 9 shows the efficiency of the converter when using the four techniques studied in the speed range from 30 to 150 r/min (CB-SVPWM has only been tested from 120 to 150 r/min, as the size of the capacitor voltage oscillations makes it of no use at lower speeds). In all the cases, the same load torque has been applied. The efficiency values have been measured with a YOKOGAWA WT1600 Digital Power Meter. 9 demonstrates that DPWM is the most efficient lowspeed modulation technique, with efficiency values ranging from 76% to 85%. On the contrary, CMsin is the least efficient one, with efficiency values from 54% at 30 r/min to 69% at 150 r/min. Even in case of using CMsin or CMsqr with no additional SMs (CMsin-1 or CMsqr-1), their efficiency is worse. The reduction in power losses with DPWM is mostly due to the reduction in the circulating current values, and therefore, in the conduction losses. The switching power losses do not play an important role in this analysis since the MMC prototype is made of SiC devices, which have very small switching losses. For this reason, in the operation points where CB-SVPWM can be applied, i.e., medium and high speeds, CB-SVPWM is the most efficient one, since it requires lower circulating currents, provided that the converter uses SiC transistors. However, when the converter is made with Si switches, DPWM will be more efficient than CB-SVPWM even for medium and high speeds. Fig. 10 depicts phase-to-phase output voltage THD and WTHD, at different motor speeds, for different modulation techniques and with or without an additional SM. As the output voltage frequency varies with the motor speed, all the harmonics up to 12 500 Hz have been computed in order to cover at least twice the switching frequency in all the cases. In terms of THD, DPWM improves gradually with the motor speed. As for the WTHD, it can be noticed that the values obtained with DPWM are significantly better than the ones obtained with the Fig. 11 . Experimental results using DPWM and applying a step change from 30 to 1500 r/min in the speed reference (1% to 50% of the nominal speed) at t = 0.5 s.
other low speed techniques. As it was to be expected, removing the extra SMs renders worse WTHD values for all the studied modulation techniques.
D. Speed Range and Dynamic Performance
The speed range of CMsin and CMsqr is limited, since they are based on the injection of a zero-sequence voltage that is not naturally adapted to the speed regime of the electrical machine. When the rotational speed of the machine is close to the nominal speed and, consequently, the amplitude of the fundamental voltage is close to the rated voltage as well, there is a limitation on the maximum achievable zero-sequence voltage that can be used with CMsin and CMsqr. Otherwise, the converter would enter into the overmodulation region. This fact forces to switch from one strategy to another or, alternatively, to modify adaptively the amplitude and frequency of the zero-sequence voltage as a function of the speed of the machine [21] , [23] , [26] , [39] , [40] .
On the contrary, since the zero-sequence voltage in DPWM is calculated based on the instantaneous output currents and voltage reference signals, it is automatically adapted to the speed regime and there is no need to implement any mechanism to switch from a low-speed modulation technique to a mediumor high-speed modulation technique. This allows DPWM to perform very well at low and high speeds. Fig. 11 shows the output currents of the converter when a reference step from 30 to 1500 r/min (1% to 50% of the nominal speed) is applied to the speed controller. The dynamics of this speed change are not affected by the modulation technique, but only by the motor dynamics and the tuning of the FOC controllers. As can be seen, DPWM performs well within all the speed range.
V. CONCLUSION
In this paper, the discontinuous modulation technique was applied to the MMC in a motor drive application. The discontinuous modulation was adapted to be used in a PMSM drive, which includes the design of a new energy control for modulation techniques with high zero-sequence injection. The effectiveness of the proposed technique was demonstrated with experimental results. Operation of the PMSM at low speeds was tested and benchmarked against other low-speed techniques based on the injection of sinusoidal and square-wave zero-sequence signals.
The results demonstrated the capability of discontinuous modulation to reduce the capacitor voltage ripples, allowing the PMSM to operate at very low speeds with capacitor voltage ripple amplitudes similar to those obtained with other stateof-the-art techniques. Moreover, when compared to the other low-speed techniques, the discontinuous modulation reduced the power losses and, hence, increased the converter efficiency.
